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The inverse seesaw mechanism provides an attractive approach to generate small neutrino mass, which 
origins from a tiny U (1)L breaking. In this paper, we work in the supersymmetric version of this mech-
anism, where the singlet-like sneutrino could be an asymmetric dark matter (ADM) candidate in the 
maximally U (1)L symmetric limit. However, even a tiny δm, the mass splitting between sneutrino and 
anti-sneutrino as a result of the tiny U (1)L breaking effect, could lead to fast oscillation between sneu-
trino and anti-sneutrino and thus spoils the ADM scenario. We study the evolution of this oscillation and 
ﬁnd that a weak scale sneutrino, which tolerates a relatively larger δm ∼ 10−5 eV, is strongly favored. We 
also investigate possible natural ways to realize that small δm in the model.
© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
It is well established that dark matter (DM) accounts for about 
one quarter of the total energy in the Universe. The nature and ori-
gin of DM still remain unclear. The popular dark matter candidates 
are used to be characterized as weakly interacting massive parti-
cles (WIMPs). The WIMPs are CP-symmetric and freeze out of the 
thermal equilibrium when the Universe cools down, naturally pro-
viding the correct relic density of dark matter, called the “WIMP 
miracle”. Alternatively, asymmetric dark matter (ADM) provides 
another way to understand the DM puzzle and draws much atten-
tion [1–4] (or its variant metastable asymmetric particle [5,7,8]). 
Similar to the baryons, the asymmetric DM abundance is ﬁxed by 
the dark matter’s charge asymmetry, with a conserved symmetry 
U (1)DM acting as DM number. Moreover, the asymmetries in dark 
sector and baryon sector might be dynamically connected, which 
supplies a natural way to explain the coincidence of the baryon 
and dark matter densities.
The smallness of neutrino mass is another puzzle which drives 
us to go beyond the standard model. It is tempting to build a 
bridge between the dark matter, particularly the ADM and neu-
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SCOAP3.trino physics, which is closely associated to the lepton number 
U (1)L . In the canonical seesaw mechanism, which provides a nat-
ural way to generate tiny neutrino masses, large lepton number 
U (1)L breaking effects are provided by the heavy Majorana mass 
terms of the right-handed neutrinos. By contrast, the inverse see-
saw mechanism [9] attributes the smallness of neutrino mass to 
a tiny U (1)L breaking term, potentially allowing for a highly con-
served U (1)L .
In a maximally U (1)L supersymmetric inverse seesaw standard 
model (MLSIS), an ADM candidate, the sneutrino being the light-
est sparticle, is nicely presented [10] (see another example [11]). 
The model distinguishes from several relevant studies in litera-
ture, e.g., a study of real rather than complex sneutrino DM with-
out maximal U (1)L [12]; a complex but not asymmetric sneu-
trino DM [13–15]; a seemingly asymmetric but actually symmetric 
sneutrino, after taking into account the effects like neutralino-
mediated washing-out and DM–anti-DM oscillating which were 
missed before [16,17].
In this work, we point out that a remarkable feature of the 
sneutrino ADM provided in the MLSIS model is that DM and an-
tiDM are oscillating [18–20] (such phenomenon was mentioned 
before in a few papers [10,21]), as a consequence of tiny U (1)L
breaking. We study the evolution of the sneutrino asymmetric DM 
in detail. We ﬁnd that the sneutrino ADM is strongly favored to 
be around the weak scale instead of the GeV scale like in most 
ADM models. In addition to that, we notice that the ADM will le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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olating scattering process mediated by neutralinos, which could 
wash out the asymmetry during ADM freeze-out. To avoid it, the 
ADM should be suﬃciently singlet-like.
This work is organized as follows. In Sec. 2 we present a dy-
namical model with supersymmetric theory for the inverse seesaw 
mechanism. In Sec. 3, we study the evolution processes of the ADM 
in detail. We give numerical results to illustrate the oscillating ef-
fects. We conclude in Sec. 4.
2. Maximal U (1)L supersymmetric inverse seesaw (MLSIS)
The inverse seesaw mechanism [9] provides an elegant way 
to understand the smallness of neutrino mass. The tiny Majorana 
masses of the active neutrinos which break lepton number by two 
units are consequences of slight U (1)L breaking. The minimal im-
plementation is introducing a pair of pseudo-Dirac particle (N, Nc)
with a tiny Majorana mass term MN , which breaks the U (1)L ex-
plicitly. In the supersymmetric version, the superpotential is given 
by
W = yN HuLNc +mNNcN + MN
2
N2. (1)
The superﬁelds components are denoted as Nc = (˜ν∗R , ν†R) and 
N = (˜ν ′L, ν ′L), where ν ′L and νR carry lepton number +1 as νL . To 
illustrate our main idea, we consider one family of neutrino for 
simplicity and implications of multi-family will be commented if 
necessary. The corresponding soft terms are
−Lsof t =
(
mL˜ |˜L|2 +mν˜ ′L |˜ν ′L |2 +mν˜R |˜νR |2
)
+ yN ANHu L˜ν˜∗R + BmmN ν˜ ′L ν˜∗R +
BMMN
2
(˜ν ′L)2 + h.c.,
(2)
where the soft SUSY-breaking parameters AN , Bm , etc., are as-
sumed to be real and around the weak scale.
In the ﬂavor basis (νL, ν
†
R , ν
′
L), the neutrino mass matrix is 
given by
Mν =
⎛⎝ 0 mD 0mD 0 mN
0 mN MN
⎞⎠ , (3)
with the Dirac neutrino mass mD = YN 〈H0u〉. In the case when 
mN/mD  1, the lightest mass eigenvalue is given by
mef fν = − m
2
D
m2N +m2D
MN , (4)
which, as expected, is proportional to the U (1)L-breaking Majo-
rana mass term. The lightest neutrino is dominated by the active 
neutrino and contains a small fraction of ν ′L ,
ν1 ≈ cos θννL − sin θνν ′L, (5)
with sin θν ≈mD/mN 	 1. The mixing θν between νL and ν ′L will 
introduce non-unitarity effects which may be observable in future 
experiments [22]. To avoid too large non-unitarity effects we set 
the mixing θν ∼ mD/mN  O(10−2). The light neutrino mass is 
naturally small due to this suppressing factor and the smallness 
of MN , which is dynamically generated in the model, maintaining 
U (1)L to the most extent.
Note that the mixing between νL the ν
†
R is negligible since it is 
severely suppressed by MNmD/m2N ∼mef fν /mD . The remaining two 
mass eigenstates are ν2,3 ≈ 1√2
(
±ν†R + sin θνν ′L + cos θννL
)
. They 
have almost degenerate masses |M2,3| =
√
m2N +m2D + O(MN ) ≈
mN and form a pair of pseudo-Dirac fermions.3. Oscillating asymmetric sneutrino dark matter
In this section we study the interesting phenomenologies of the 
asymmetric sneutrino dark matter. First, we investigate the asym-
metric sneutrino dark matter in the limit of exact U (1)L . Then we 
turn on the tiny U (1)L breaking term and study the DM–antiDM 
oscillation.
3.1. Asymmetric sneutrino dark matter in the U (1)L limit
We choose the sneutrino instead of conventional neutralino to 
be the LSP dark matter candidate. Neglecting the tiny U (1)L break-
ing term, it carries lepton number and/or dark matter number, 
thus can be asymmetric DM.
In the basis (˜νL , ˜νR , ˜ν ′L), from Eq. (1) and Eq. (2) the sneutrino 
mass squared matrix is given by
m2ν˜ ≈
⎛⎜⎝m
2
L˜
+ 12M2Z cos2β +m2D (−mD AN + μmD cotβ) −mDmN
m2ν˜R +m2N +m2D BmmN
m2
ν˜ ′L
+m2N
⎞⎟⎠ ,
(6)
where the μ-term is from μHuHd , which is not explicitly included 
in Eq. (1). We also include the D-term contribution to the left-
handed sneutrino. For simplicity, we assume all parameters to be 
real. Later we will see that the left-handed sneutrino is forced 
to almost decouple from other two sneutrinos, and hence we can 
make the good approximation
ν˜ ′L ≈ − sin θ˜ ν˜1 + cos θ˜ ν˜2, ν˜R ≈ cos θ˜ ν˜1 + sin θ˜ ν˜2, (7)
with θ˜ the mixing angle between the two singlet sneutrinos.
The asymmetric DM scenarios provide very attractive ways to 
understand the coincidence between the relic densities of the dark 
and baryonic matters, DM : b  5 : 1 [1]. In this work we as-
sume that the matter–antimatter asymmetry is generated through 
certain mechanism in the visible sector and then transferred into 
the dark sector. Chemical equilibrium dynamically connects the 
chemical potential μ for various particles and typically we get 
μbaryon ∼ μDM. At temperature T , the asymmetry of particle φ
with mass mφ in the thermal bath can be expressed in terms of 
μφ (the lower index will be ignored) [23]
n+ − n− = g T
3
π2
μφ
T
∞∫
0
dx
x2 exp[−√x2 + (m/T )2](
θ + exp[−√x2 + (m/T )2])2
=
⎧⎨⎩ fb(mφ/T ) ×
gT 3
3
(
μφ
T
)
, (for bosons)
f f (mφ/T ) × gT 36
(
μφ
T
)
, (for fermions)
(8)
with θ = ±1 for fermion/boson. The Boltzmann suppression fac-
tor fb, f (mφ/T ) denotes the threshold effect for heavy particle in 
the plasma. It tends to 1 for particles in the ultra-relativistic limit 
mφ 	 T .
The key point is that the symmetric parts of both baryonic mat-
ter and DM will annihilate away and only the asymmetric parts 
survive. As a consequence, their number densities are connected. 
In this way the coincidence puzzle can be understood, given a 
proper DM mass. To see this, we consider the limit that the chem-
ical equilibrium between two sectors breaks at Td which is much 
higher than DM mass (hereafter we deﬁne x ≡ mDM/T ), and thus 
fDM(xd) ∼ fDM(0) ≈ 1. Then from
bh2
2
= mn μb ≈ 1 (9)DMh mDM gDM fDM(0)μDM 5
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with mass around 5 GeV. In contrast, for the case of xd  1, the 
residual ADM asymmetry will be suppressed by a factor f (xd) 	 1
and the resulting DM mass will scale as 5 f −1(xd) GeV, easily en-
tering the TeV region [4]. We will see later in our model the 
sneutrino ADM is favored to be in the heavy region.
3.2. Evolution of sneutrino ADM
In this subsection we trace the evolution of sneutrino asym-
metry. As we assumed, the lepton number asymmetry has been 
generated at some high temperature and part of it has been trans-
ferred to the right-handed neutrino (RHN) (N, Nc) through the 
Yukawa interaction yN LHuN . There are several critical tempera-
tures during the evolution of sneutrino asymmetry: (I) the out-
of-equilibrium temperature of electroweak sphaleron process Tsph , 
below which the connection between the lepton and baryon chem-
ical potentials gets lost; (II) the chemical equilibrium decoupling 
temperature Td between dark matter and the visible sector, more 
concretely, the leptons; (III) the dark matter freeze-out tempera-
ture T f ∼mν˜1/20.
3.2.1. T ∼ Tsph: baryon number freeze-out
Above the temperature Tsph all Yukawa interactions are sup-
posed to be in chemical equilibrium and thus three families of 
fermions share the same chemical potential.1 Moreover, we assume 
that Tsph is lower than the EW phase transition critical tempera-
ture Tc , so the Higgs condensations lead that the Higgs neutral 
components have zero chemical potential. As a consequence, the 
left- and right-handed fermions (including RHNs), develop same 
chemical potential via the Yukawa interactions:
μuL = μuR , μdL = μdR
μeL = μeR , μνL = μνR = μν ′L . (10)
The W -boson mediated gauge interactions force the down and up 
components of the SU (2)L doublets to acquire chemical potential 
related as
μ(I3 = −1/2) = μ(I3 = 1/2) + μW . (11)
The electroweak sphaleron process is effective and thus the left-
handed quarks and leptons are further forced to satisfy the rela-
tion:
μuL + 2μdL + μνL = 3μuL + μνL + 2μW = 0. (12)
Eventually, the plasma should be QED neutral,
3μuL − 3μνL − 9μW = 0. (13)
For simplicity we take all sparticles, except for k singlet-like 
sneutrinos, to be highly Boltzmann suppressed and thus do not 
contribute to total charge asymmetry. This approximation is rea-
sonable viewing from the current null results of LHC searches for 
superparticles. The sneutrinos are brought into equilibrium with 
the thermal bath via the yN -terms as well as the relevant soft 
terms. They have identical chemical potential with RHNs,
μν˜R = μν˜ ′L = μνL . (14)
1 Charged lepton ﬂavors in the SM or models with minimal ﬂavor violation are in-
dividually conserved, as is different to the quark sector where charged currents can 
drive different ﬂavors which share the same chemical potential. But in the presence 
of RHNs with appreciable family-interchanging Yukawa couplings (yN )i j , leptonic 
chemical potential is putative common.Combining Eq. (12) with Eq. (13), all chemical potentials can be 
expressed in terms of the single variable μuL ,
μνL = −11μuL , μW = 4μuL . (15)
Therefore we obtain the total baryon and ADM (sneutrino) num-
ber:
B(Tsph) =
T 2sph
6
[
2× 3(2μuL + μW )
]= 6T 2sphμuL ,
SADM(Tsph) =
T 2sph
3
kμνL = −
11k
3
T 2sphμuL . (16)
Hereafter, baryon number will preserve the initial value ηb ≡
B/s(Tsph) = 1.02 × 10−10 [24] with entropy density
s(x) =2π
2
45
g∗Sm3DMx
−3. (17)
g∗S ≈ g∗ is the effective relativistic degrees of freedom, approxi-
mated to be x-independent.
3.2.2. T ∼ Td: washing-out effect
Below Tsph the quark and lepton sectors lose chemical equilib-
rium, but the dark sector (the RHN-like sneutrino sector) will keep 
chemical equilibrium with leptons until Td . Below Td the asymme-
try transferring between these two sectors ceases and DM num-
ber becomes separately conserved. In the MLSIS-like models, as 
pointed out by Ref. [5], there may exist DM charge violating scat-
tering (CVS) processes mediated by neutralinos which could stay 
active even around the DM freeze-out temperature T f . In other 
words, for Td  T f , the CVS processes maintain chemical equilib-
rium between ADM and the active neutrinos, and consequently the 
ADM asymmetry is washed-out during freeze-out,2 i.e., the asym-
metric component can contribute to the total DM relic density at 
most a subdominant fraction. (See also other scenarios for this 
kind of phenomena [6].)
The underlying reason is that ADM is not the lightest particle 
carrying lepton number/charge, so it cannot retain its asymmetry 
unless the CVS processes are suﬃciently suppressed. This is not 
trivial since the scattering happens between the non-relativistic 
DM and relativistic neutrino, whereas freeze-out is with respect 
to the annihilation of two non-relativistic DM, which is Boltzmann 
suppressed. The dominate CVS process is ν˜1ν1 ↔ ν˜∗1 ν¯1, originating 
from the following effective Lagrangian:
−Lwash = 12M
2
i χ¯iχi +
(
yi1ν˜
∗
1 χ¯i P Lν1 + h.c.
)
, (18)
with χi denoting four Majorana neutralinos, which are related to 
the states in the interacting eigenstates via χi = Z Ti jψ j with ψ =
(B˜, ˜W 3, ˜H0d , ˜H
0
u)
T . The couplings yi1 receive several contributions 
and here we ignore the parts involving gauge interactions, which is 
justiﬁed because we decouple the left-handed sneutrino ν˜L . Then 
we have
yi1 ≈ yN sin θν cos θ˜ Z4i, (19)
where we have used the fact that the light neutrino ν1 is mostly 
left-handed. We will see that this feature leads to an extra kine-
matic suppression factor in the scattering rate.
To save the sneutrino ADM from washing out, yi1 should be 
small enough to ensure the CVS processes cease above T f . There 
2 Ref. [25] noticed a different way to wash-out asymmetry, DM charge violating 
annihilation like ν˜1ν˜1 → νν , which is also mediated by neutralinos. However, un-
like the scattering process here, that process does not regenerate symmetric DM; it 
merely reduces the amount of the initial asymmetry.
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and t-channel.
are s- and t-channel contributions to the CVS process ν˜1ν¯1 →
ν˜∗1ν1, as shown in Fig. 1. The squared amplitude is
|Ms +Mt |2 = 2|y2i1|2k2 · p2M2i
(
1
s − M2i
+ 1
t − M2i
)2
. (20)
In the CM frame, for kinematics speciﬁed by the scattering be-
tween relativistic and non-relativistic particles, we have the fol-
lowing expressions:
k2 · p2 ≈ wνmν˜1 cos θ, s ≈m2ν˜1 ,
t = (p2 − k1)2 ≈ s + 2mν˜1wν cos θ. (21)
The total scattering cross section is given by
σCVS ≈ |y
2
i1|2
6π
w4ν
M4i m
2
ν˜1
. (22)
Heavy neutralinos are favored to suppress the cross section.
The thermal scattering rate can be estimated in a way as used 
for the neutron decoupling from the heat bath via the scattering 
n + ν ↔ p + e+ [23]. We obtain
CVS =
∞∫
0
dwνσCVS( fν vν gwν )
1
1+ e−wν/T , (23)
with the phase volume element gwνdwν = gνw2ν/2π2dwν (gν = 2
the internal degree of freedom of left-handed neutrino). fν =
1/(1+ ewν/T ) is the Fermi–Dirac statistics and vν = 1 is the ve-
locity of neutrino. The Pauli exclusion effect in the thermal bath 
is taken into account by the factor 1/(1 − ewν/T ). After integration 
we obtain
CVS = 19845Zeta[7]
4
|y2i1|2
12π3
(
T
Mi
)4( T
mν˜1
)2
T . (24)
The numerical prefactor is 5002.7. The condition for CVS decou-
pling at Td is fulﬁlled as long as CVS(Td) < H(Td) ≈ 5.5T 2d /MPl, 
which sets an upper bound on the couplings
|y2i1|2  0.41xd
(
Mi
Td
)4 mν˜1
MPl
= 0.33× 10−8
(
Mi/mν˜1
10
)4 ( xd
10
)5 ( mν˜1
100 GeV
)
. (25)
For a light ADM, generically we require quite small couplings yi1 
10−2 except for much heavier neutralinos, say 10 TeV or above. 
This indicates that the left-handed sneutrino fraction in ν˜1 should 
be highly suppressed. For heavy ADM around the weak scale, we 
need even smaller yi1  10−3 for reasonably heavy neutralinos.
To decouple CVS processes as early as possible, at least one of 
the three options should be relied on: 1) A quite small yN ; 2) quite 
heavy neutralinos; 3) ADM is dominated by ν˜ ′ , namely cos θ˜ 	 1.LTo end up this part we would like to make a comment on 
the value of xd . If xd is within the region (10, x f ), the Boltzmann 
suppression factor in Eq. (8) will be too signiﬁcant. The resulting 
“initial” ADM asymmetry (with respect to the stage of ADM oscil-
lation) becomes
η0 ≡ Y+(xd) − Y−(xd) = fADM(xd) B(Tsph)SADM(Tsph)
= − 18
11k
fADM(xd)ηb, (26)
with Y± = n±(xd)/s(xd) the comoving number densities of DM and 
anti-DM, respectively. To derive the above relation we have used 
the assumption that asymmetry in the neutrino sector does not 
change from Tsph down to Td . Therefore, xd should take a value 
not far above 1.
3.2.3. T ∼ T f : chemical equilibrium breaking and symmetrically 
annihilating
At this stage, the sneutrino DM symmetrically annihilates. In or-
der to get rid of the symmetric part, the annihilation cross section 
should be at least a few pb [26]. Restricted to the model speciﬁed 
in Section 2, the sneutrino ADM fails to having large enough anni-
hilation rate. The reason is attributed to nothing but just the one 
discussed in the last part, i.e., in order to make the sneutrino as 
a viable ADM candidate, the CVS processes have to be decoupled 
as early as possible, which in turn makes the annihilation rate very 
low. Therefore, to save the scenario, new sizable couplings are nec-
essary introduced for the RHN-like sneutrinos. Here we consider 
an economical way by introducing a singlet S which couples to 
RHNs via
Ws = λs SNNc + MS
2
S2...,
Lsof ts =m2S |S|2 +
(
1
2
BsMs S
2 + λs As Sν˜∗R ν˜ ′L + c.c.
)
+ ..., (27)
where dots collect other irrelevant terms involving S . Note that it 
is important to impose R-parity under which the scalar/fermionic 
component of S is even/odd; this symmetry could forbid the cou-
pling like SLHu which leads to sneutrino LSP decay and moreover 
modify the seesaw structure. It is tempting to identify S as the 
one in the next-to minimal supersymmetric standard model [10], 
but we leave it for further investigation and here we focus on the 
looser situation where S has free mass and merely the above siz-
able coupling.
Depending on the mass spectrum and size of couplings, there 
are quite a few ways to enhance the annihilation rate of ν˜1. For 
instance, consider the simplest case with a light CP-even singlet 
scalar from S = (SR + I S I )/
√
2. Note that the fermionic compo-
nent of S is R-parity odd and thus MS >mν˜1 . But one can still get 
a much lighter SR via a properly large Bs-term which splits the 
mass degeneracy between SR and S I . Moreover, SR couples to ν˜1
through the term
−Lν˜1 ⊃ μR11SR |˜ν1|2, μR11 =
λs As√
2
sin2θ˜ . (28)
This term enhances the annihilation cross section of ν˜1ν˜∗1 → SR SR
mediated by ν˜1 in the u/t-channel, which mitigates the reliance 
on large λs . This way works only for the well mixed ν˜ ′L and ν˜R , 
otherwise one may have to fall back on the contact interaction 
1
2λ
2
s S
2
R |˜ν1|2 or annihilating into a pair of RHNs via singlino ex-
changing. Their cross sections scale as σ v ∼ λ4s /(64πm2ν˜1 ) and thus 
both require λs ∼ 1. In any case, ADM is disfavored to be near or 
even above the TeV scale, except that one can tolerate λs signiﬁ-
cantly larger than 1. Hereafter we will focus on the favored case 
with ADM around the weak scale.
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The global U (1)L is not an exact symmetry for sneutrino ADM 
and its tiny breaking leads to an important consequence, tiny 
mixing between DM and antiDM ﬁelds3 and as well their mass 
splitting. But at the early universe DM is produced in the CP-
eigenstates and thus the mixing and splitting renders two DM and 
anti-DM oscillating. This phenomenon was ﬁrst touched in [21]
and then was systematically studied by several groups in a model 
independent way [18–20]. To our knowledge, the MLSIS provides 
the best example in the sense of theoretical motivations.
3.3.1. U (1)L -violation and sneutrino mass splitting
The mass splitting between DM and anti-DM plays a center role 
for ADM oscillation. After the rotation speciﬁed by Eq. (7) and 
taking into account the operators that break U (1)L , one has the 
following sneutrino mass terms
L⊃m2ν˜1 |˜ν1|2 +m2ν˜2 |˜ν2|2
+
(
1
2
δm211(˜ν
∗
1 )
2 + 1
2
δm222(˜ν
∗
2 )
2 + δm212ν˜∗1ν∗2 + c.c.
)
(29)
with DM number or U (1)L violating mass parameters given by
δm211 ≈ −mNMN sin2θ˜ − BMMN sin2 θ˜ ,
δm222 ≈mNMN sin2θ˜ + BMMN cos2 θ˜ ,
δm212 =mNMN cos2θ˜ −
1
2
BMMN sin
2 θ˜ . (30)
In the decoupling limit θ˜ → 0, the mass splitting among the CP-
even and -odd components of ν˜1 = 1√2 (Re˜ν1 + IImν˜1) is
δm ≈ δm
2
11
mν˜1
= −mNMN sin2θ˜ − BMMN sin
2 θ˜
mν˜1
. (31)
At leading order the splitting is independent of δm212 and δm
2
22. 
ν˜ ′L furnishes the source of U (1)L violation and transfers it to other 
sneutrinos ˜νR and ˜νL through mixing. Therefore, if ADM ˜ν1 is dom-
inated by ˜νR , mass splitting between the components of ˜ν1 will be 
suppressed by small mixing.
Obviously, δm can not be too large, otherwise the oscillation 
will happen too early and ruin the asymmetric DM scenario. Later 
we will speciﬁcally discuss how small δm is required. Given a sin-
gle family of (N, Nc), the order of mass splitting typically should 
be not much below the active neutrino mass scale as long as the 
mixing angle is not extraordinarily small. This can be seen from 
Eq. (31), for the weak scale soft terms one has (assuming the ﬁrst 
term can be made arbitrarily small)
δm ∼ (BM/mν˜1)MN sin2 θ˜ ∼ (mNmD sin θ˜
)2
mν, (32)
where we have assumed that both BM and mν˜1 are around the 
weak scale thus BM/mν˜1 ∼ 1. On the other hand, the largest neu-
trino mass scale is ∼ 0.1 eV, which means that the resulting δm
typically is a few orders larger than this scale except for a very 
small sin θ˜ . Soon later we will show that such an estimated δm is 
many orders larger than the maximally tolerated mass splitting by 
sneutrino oscillation. So, we are led to conjecture that there is one 
splitting family of neutrino with mass hierarchically lighter than 
others and the sneutrino ADM candidate is dominant by the cor-
responding superpartner.
3 Or the opposite CP-eigenstates which are treated as two independent and de-
generate ﬂavors.3.3.2. Sneutrino oscillation
To describe the evolution of densities with oscillation, we fol-
low the coupled Boltzman equations (BEs), treating DM and anti-
DM as two coherent ﬂavors with comoving number density ma-
trix:
Y (x) =
(
Y11(x) Y12(x)
Y21(x) Y22(x)
)
, (33)
where “11” and “22” denote the DM and anti-DM ﬂavor, respec-
tively. For the diagonal elements one considers the quantities Y± =
Y11 ± Y22 and for the coherent (off-diagonal) elements one consid-
ers Yc± = Y12 ± Y21 with Yc+ identical to zero in the absence of 
elastic scattering effects. The BEs for Yij are ﬁrst derived via the 
direct analogy to the neutrino oscillation [20] and then improved 
using the density matrix method [18,19]. In particular, the latter 
points out the irrelevance of elastic scattering if DM–plasma inter-
actions are ﬂavor-blind, as is just the case for the sneutrino ADM. 
Actually, in this case their results coincide and both give (with 
some small modiﬁcations here)
Y ′+(x) = −2
〈σ v〉s(x)
xH(x)
[
1
4
(
Y 2+(x) − Y 2−(x) + Y 2c−(x)
)
− Y 2eq(x)
]
,
(34)
Y ′−(x) = 2
δm
xH(x)
Yc−(x), (35)
Y ′c−(x) = −2
δm
xH(x)
Y−(x) − 〈σ v〉s(x)
xH(x)
Yc−(x)Y+(x), (36)
where the Hubble expansion rate is rewritten as H(x) =
1.66g1/2∗ m2DMx−2/MPl ≡ Hm/x2; the comoving number density in 
thermal equilibrium is
Yeq(x) = 45
2π4
√
π
8
g
g∗S
x3/2e−x. (37)
The eventual relic density of ADM is
DMh
2 ≈ 2.82× 1010Y+(x→ ∞)
( mν˜1
100 GeV
)
. (38)
Several comments are in order. First, the equation (35) among 
the BEs indicates that the asymmetry stays at its initial value 
Y−(x0) ≡ η0 as long as δm is negligible. Second, the thermally av-
eraged annihilation cross section 〈σ v〉 is assumed to be a constant 
σ0, with free value. Last, a rough estimation about the temperature 
at which oscillation commences is used [18]:
xosc ≈
(
Hmσ0smη0/2
δm2
)1/5
∼ 7.6
( mDM
400 GeV
)(10−5 eV
δm
)2/5(
g∗S
10
√
g∗
10
σ0
10 pb
η0
0.1ηB
)1/5
.
(39)
We have chosen a smaller η0 on account of the diﬃculty in de-
coupling and hence Boltzman suppressed η0 in Eq. (26). The above 
estimation shows that, in order to accommodate a larger δm, 
a smaller xosc and especially heavier DM are strongly favored.
We stress again that a heavy ADM produces a well consistent 
picture from several aspects. First, a larger δm means that oscil-
lation happens at earlier time, which helps to decrease the relic 
number density, resulting with a heavier ADM. On the other hand, 
a heavier sneutrino is good for suppressing δm, see Eq. (31). Fi-
nally, from the point view of model building as stated before, δm ∼
10−10 eV is unappealing, while a value 10−5 eV, given sin θ  10−2
along with a moderately small BM ∼ O(GeV) ∼ 10−2mν˜1 , is well 
acceptable.
S.-L. Chen, Z. Kang / Physics Letters B 761 (2016) 296–302 301Fig. 2. Evolutions of the comoving densities of the quantities Y+ (thick black line), Y11 (red line) and Y22 (green line). Parameters set for the left: δm = 10−7 eV, mν˜1 =
300 GeV, σ0 = 3 pb, η0 = 0.1ηB ; Right: δm = 10−5 eV, mν˜1 = 500 GeV, σ0 = 2 pb, η0 = 0.5ηB . In order to show the evolution of the total DM number density (dashed 
lines), we multiply the comoving densities by a factor 1010 in the vertical axis; eventually, the correct relic density DMh2 ≈ 0.1 is obtained for a suﬃciently large x. (For 
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)We show the numerical results in Fig. 2. We choose two sets of 
benchmark points, (1) δm = 10−7 eV, mν˜1 = 300 GeV, σ0 = 3 pb, 
η0 = 0.1ηB ; (2) δm = 10−5 eV, mν˜1 = 500 GeV, σ0 = 2 pb, η0 =
0.5ηB . In the left graph, the plateau is due to the ordinary freeze-
out of ADM, but later the total DM density Y+ decreases again as 
the oscillation commences. We can see that both cases generate 
correct DM relic density. Obviously, the allowed δm is quite sensi-
tive to the ADM mass. Doubling the ADM mass leads to two orders 
of magnitude increasing of the allowed range of δm.
3.4. On the detections on sneutrino ADM
As a remarkable difference than the ordinary ADM scenario, 
the oscillating ADM can generate indirect detection signatures. In 
Section 3.2.3 we have argued that the singlet S allows a suﬃ-
cient ADM annihilation rate via channels such as ν˜1ν˜∗1 → SR SR
(or annihilating into a pair of RHNs). The other channels are ex-
tremely suppressed owing to the CVS constraints; in particular the 
neutrino pair channel, which generates monochromatic neutrino 
signals, is still inaccessible even from the dwarf galaxies spiked by 
an intermediate massive black hole [27]. Therefore, the most likely 
signature from the sky is ν˜1ν˜∗1 → SR SR → (bb¯)(bb¯), assuming that 
SR dominantly decays into a pair of bottom quarks through its 
mixing with the Higgs doublets (which are not explicitly given in 
the model because it is quite model dependent). It is shown that 
the Fermi dwarf limits provide the strongest constraint [28]: for 
DM  300 GeV, the upper bound on the annihilation cross section 
of ν˜1ν˜∗1 → SR SR is at the pb level; on the other hand, we typi-
cally need a cross section of a few pb and thus the model is in the 
vicinity of exclusion.4
As for the direct detection, we concentrate on the SM-like 
Higgs boson mediated DM–nucleon scattering (with cross section 
σp,h = 4m2pa2p,h/π ), turning off the contribution from SR since its 
coupling to quarks in principle can be arbitrarily small. To estimate 
σp,h , we work in the decoupling limit of two Higgs doublets and 
as well tanβ  1, then having
ap,h ≈ 0.5× 10−3 × μh112mν˜1
1
m2h
with μh11 =
√
2y2N cos
2 θ˜ vu,
(40)
4 If SR dominantly decays into a pair of active neutrino, the bounds can be sub-
stantially relaxed.with vu ≈ 174 GeV. The bound Eq. (25) means typically μh11 
10−4vu (taking sin θν ∼ 0.1). As a result, we have ap,h  10−12 ×(
350 GeV/mν˜1
)
GeV−2 and therefore σp,h  10−15 pb, far below 
the current bounds from dark matter direct detection experiments. 
In addition, searching SUSY with sneutrino LSP is of particular in-
terest at the LHC since it provides different signatures than those 
of the ordinary LSP scenario [29–31]. In our scenario since the 
sneutrino ADM, as the LSP, is favored to be relatively heavy, we 
have a heavier SUSY spectrum which still hides out.
4. Conclusion
Opposite to the canonical seesaw mechanism which introduces 
large lepton number U (1)L breaking by the heavy right-handed 
neutrinos, the inverse seesaw mechanism attributes the smallness 
of neutrino mass to a tiny U (1)L breaking, potentially allowing 
for a highly good U (1)L . In this work we propose the maximally 
U (1)L supersymmetric inverse seesaw, in which unconventional 
dark matter phenomenologies arise when the singlet-like sneutrino 
is the lightest sparticle. It can be asymmetric DM due to the highly 
conserving of U (1)L , but actually it is oscillating due to the slightly 
breaking of U (1)L . To maintain the ADM scenario, we ﬁnd that the 
sneutrino is favored to be heavy near the weak scale instead of 
light around the GeV scale.
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